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OBJECTIVES: Due to inconsistent epidemiological evidence on health effects of air pollution on progression of atherosclerosis, we investigated several
air pollutants and their effects on progression of atherosclerosis, using carotid intima media thickness (cIMT), coronary calcification (CAC), and tho-
racic aortic calcification (TAC).
METHODS:We used baseline (2000–2003) and 5-y follow-up (2006–2008) data from the German Heinz Nixdorf Recall cohort study, including 4,814
middle-aged adults. Residence-based long-term air pollution exposure, including particulate matter (PM) with aerodynamic diameter ≤2:5 lm
(PM2:5), (PM10), and nitrogen dioxide (NO2) was assessed using chemistry transport and land use regression (LUR) models. cIMT was quantified as
side-specific median IMT assessed from standardized ultrasound images. CAC and TAC were quantified by computed tomography using the
Agatston score. Development (yes/no) and progression of atherosclerosis (change in cIMT and annual growth rate for CAC/TAC) were analyzed with
logistic and linear regression models, adjusting for age, sex, lifestyle variables, socioeconomic status, and traffic noise.

RESULTS: While no clear associations were observed in the full study sample (mean age 59.1 ( ± 7:6) y; 53% female), most air pollutants were mar-
ginally associated with progression of atherosclerosis in participants with no or low baseline atherosclerotic burden. Most consistently for CAC, e.g.,
a 1:5 lg=m3 higher exposure to PM2:5 (LUR) yielded an estimated odds ratio of 1.19 [95% confidence interval (CI): 1.03, 1.39] for progression of
CAC and an increased annual growth rate of 2% (95% CI: 1%, 4%).
CONCLUSION: Our study suggests that development and progression of subclinical atherosclerosis is associated with long-term air pollution in middle-aged par-
ticipantswith no orminor atherosclerotic burden at baseline, while overall no consistent associations are observed. https://doi.org/10.1289/EHP7077

Background
Outdoor air pollution defines a global environmental risk factor
for mortality (WHO Regional Office for Europe 2013; WHO
2009), and has been identified as leading contributor to the bur-
den of disease worldwide (Gakidou et al. 2017). In particular, air
pollution exposure contributes to the development of cardiovas-
cular diseases (CVD) (Franklin et al. 2015; Rückerl et al. 2011).
Although short-term exposure to particulate matter (PM) can trig-
ger acute cardiovascular events, long-term exposure to PM was
linked to the development of underlying chronic cardiovascular
pathologies (Franklin et al. 2015), of which atherosclerosis is
considered the major one (Künzli et al. 2011). Although experi-
mental animal studies provide strong evidence for air pollution
causing atherosclerosis through oxidative stress and systemic
inflammation (Araujo et al. 2008; Soares et al. 2009; Sun et al.
2005), epidemiological evidence on air pollution effects on the

development and progression of atherosclerosis along the path-
way to cardiovascular endpoints is less consistent (Adar et al.
2013; Gan et al. 2014; Hennig et al. 2019; Kaufman et al. 2016;
Künzli et al. 2010; Wilker et al. 2013).

In epidemiological studies, the degree of atherosclerosis can
be quantified by medical imaging [e.g., computed tomography
(CT) or ultrasound] of the arteries, measuring coronary artery cal-
cification (CAC), thoracic aortic calcification (TAC), and intima
media thickness of the common carotid artery, which have all
been identified as predictors of cardiovascular and cerebrovascu-
lar events (Defilippis et al. 2011; Den Ruijter et al. 2012; Erbel
et al. 2010; Folsom et al. 2008; Geisel et al. 2017; Kälsch et al.
2017; Nair et al. 2012; Polak et al. 2011).

Due to ease of assessment, most epidemiological studies on air
pollution and progression of atherosclerosis studied the change in
cIMT (Adar et al. 2013; Gan et al. 2014; Kaufman et al. 2016;
Künzli et al. 2010; Wilker et al. 2013). A meta-analysis, including
three longitudinal studies, reported a positive association between
particulate matter with an aerodynamic diameter less or equal than
2:5 lm (PM2:5) and carotid intima media thickness (cIMT)
(Provost et al. 2015), in line with a single longitudinal study report-
ing a positive association between black carbon and cIMT (Wilker
et al. 2015). The most recent analyses conducted in the North
American Multi-Ethnic Study of Atherosclerosis only found an
association of ozone with cIMT (Wang et al. 2019), but not
between PM2:5 or NO2 and cIMT progression (Kaufman et al.
2016). In contrast, the investigators observed positive association
of PM2:5 and NO2 with CAC progression (Kaufman et al. 2016),
but others did not (Dorans et al. 2016). TAC progression has been
shown to be related to air pollution only in early stages of thoracic
calcification, but not in more advanced stages of atherosclerosis
(Hennig et al. 2019).
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Although all existing studies provide considerable sources of
heterogeneity (outcome definitions, air pollutants and exposure
modeling, study populations and statistical methods) that could
explain inconsistent epidemiological findings, we aimed to com-
prehensively investigate effects of air pollution on the development
and progression of atherosclerosis. To that end, we investigated
progression of atherosclerosis in three different vessel beds (coro-
nary circulation, thoracic aorta, and carotid arteries) applying dif-
ferent imaging methods (CT and ultrasound) in participants from
the Heinz Nixdorf Recall (HNR) cohort study. To investigate pos-
sible reasons for heterogeneity between studies due to selection of
study populations, and motivated by our prior findings of stronger
associations at lower baseline levels of atherosclerosis, we investi-
gated subgroup effects based on atherosclerosis burden at baseline
(t0) and explored individual susceptibility factors. Furthermore,
wemade use of two complementary air pollution exposure models,
yielding a) point-specific estimates [land use regression (LUR)
modeling], which capture small-scale differences in air pollution
exposure specifically related to traffic, and b) urban background
exposure [chemistry transport modeling (CTM)], which captures
changes over time. Finally, we took ambient noise exposure into
account, a potential confounder within the air pollution and cardio-
vascular framework (Münzel et al. 2018).

Methods

Study Design
TheHNR (Risk Factors, Evaluation of Coronary Calcification, and
Lifestyle) study is a population-based prospective cohort study,
including 4,814 randomly selected participants of 45 to 75 years of
age at baseline (t0: 2000–2003) from three large adjacent cities
(Mülheim, Essen, and Bochum) in the metropolitan Ruhr area of
Germany [recruitment efficacy proportion: 55.8%; (Stang et al.
2005)]. The study design has been described in detail elsewhere
(Schmermund et al. 2002). The study was approved by the institu-
tional ethics committees of the University of Duisburg-Essen and
the University Hospital of Essen and adhered to strict internal and
external quality assurance protocols. The follow-up examination
(t1: 2006–2008) had a response of 86.4% (n=4,157). Assessment
for both examinations included a self-administered questionnaire,
face-to-face interviews for personal risk factor assessment and
clinical examinations, and comprehensive laboratory tests accord-
ing to standard protocols. All participants gave informed consent.

Exposure Assessment
Long-term exposure to residential ambient air pollution was
assessed using concentrations of particulate matter (PM) with an
aerodynamic diameter ≤2:5 lm [PM2:5 (lg=m3)], and ≤10 lm
[PM10 (lg=m3)], the number of accumulation mode particles
PNacc (#/mL), PM2:5 absorbance [PM2:5 abs (lg=m3)], and nitrogen
dioxide [NO2 (lg=m3)]. To reflect long-term urban background
exposure differences within our study area, we estimated mean
long-term air pollution concentrations for PM2:5, PM10, PNacc, and
NO2 in a spatial grid of 1× 1 km2 assigned to participant’s
addresses (Nonnemacher et al. 2014), using the European Air pol-
lution Dispersion chemistry transport model (EURAD-CTM, short:
CTM). The EURAD-CTM uses input data from official emission
inventories (i.e., traffic, industry, agriculture, energy production,
etc.) (European Environment Agency 2011) data on meteorology
and regional topography, in combination with modeling the disper-
sion, chemical reactivity, and mass transport between horizontal
strata and deposition to calculate daily exposure concentrations in a
1× 1 km2 grid (Memmesheimer et al. 2004). The EURAD-CTM
includes data assimilation on an hourly basis for routinely measured

air pollutants (PM10, NO2), using routine monitoring data in North
Rhine-Westphalia (NRW) provided by the local environmental
agency (State Agency for Nature, Environment, and Consumer
Protection, LANUV-NRW). For this study, daily concentrations
were assessed during the examination years (2000–2003 and 2006–
2008), which were assigned to participants’ baseline and follow-up
addresses using a geographic information system. Because model
data from 2004 to 2005 were not available, long-term exposure was
calculated as the mean of all daily values over both examination
periods (2000–2003 and 2006–2008).

In addition, annual exposure to PM2:5, PM10, PM2:5abs, and
NO2 at point of participants’ residences was estimated using land
use regression (LUR) models that were locally developed as part
of the European Study of Cohorts on Air Pollution Effects using
a standardized protocol (Beelen et al. 2013; Eeftens et al. 2012).
Each LUR model was locally cross-validated with the leave-one-
out-cross-validation (LOOCV). Resulting explained variances
(adjusted R2) (and LOOCV-R2) within the Ruhr Area were 85%
(79%) for predicting PM2:5, 66% (59%) for predicting PM10, 97%
(95%) for predicting PM2:5abs, and 88% (82%) for predicting NO2
(Beelen et al. 2013; Eeftens et al. 2012). The overall agreement
between long-term urban background concentrations (estimated
with the EURAD-CTM) and point-specific concentrations (esti-
mated with the ESCAPE LUR) was moderate to low (Spearman
correlations <0:45), reflecting different aspects of the air pollu-
tion exposure conditions within a densely populated and industri-
alized urban area (de Hoogh et al. 2014; Hennig et al. 2016).

Assessment of the Outcomes
CIMT was assessed by B-mode ultrasound (Vivid FiVe, GE
Ultrasound Europe), using a linear array 10-MHz scan head, at the
left and right common carotid artery (Bauer et al. 2009). The semiau-
tomatic computer-based software Artery Measurement (AMS) II
(version 1.151; Chalmers University of Technology) (Wendelhag
et al. 1997)was used to determinemedian cIMTper ultrasound image
(exported offline as bitmap file) at the far wall within the first 10 mm
proximal to the bulb. To reduce measurement error, images were
grouped into work packages of approximately 200 images, including
10 repeated images each, to monitor intrareader variability. If mean
intrareader variability was >0:03 mm, the respective reader was
trained again and the corresponding work package had to be remeas-
ured to achieve high qualitymeasurement data. Offlinemeasurements
were performed by six certified readers according to a standardized
operation procedure.

Mean side-specific cIMT value (millimeters) for baseline
and 5-y follow-up was calculated based on the median values
of all available images for each examination. Progression (yes/
no) was operationalized as cIMTt1 − cIMTt0 > 0, and the extent
of progression was assessed as annual lm-change in cIMT:
DCIMT = ðcIMTt1 − cIMTt0Þ=follow-up time for the left and
right body side. An early stage (no/minor) vs. a more advanced
stage of atherosclerotic burden at baseline was defined by
dichotomizing at a cut point of 0:7 mm (≤0:7 vs. >0:7 mm),
which was identified as the upper value of a normal cIMT
range for middle-aged adults (O’Leary et al. 1999).

Participants underwent cardiac CT as part of the primary
study aim of the HNR Study. CAC and TAC were derived from
non–contrast-enhanced electron-beam CT scans, using a C-100
(t0) and C-150 (t1) scanner (GE, Imatron), following a standar-
dized methodology for acquisition and interpretation of the scans,
which has been reported previously (Erbel et al. 2010;
Schmermund et al. 2002). The CTs were operated in the single-
slice (3 mm) mode with an image acquisition time of 100ms.
The Agatston algorithm was used for quantification of calcifica-
tion, identifying a calcified lesion as at least 4 contiguous pixels
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with a CT density ≥130 Hounsfield (Agatston et al. 1990).
Analyses were performed using a Virtuoso workstation (Siemens
Medical Solutions). The total CAC score was calculated, com-
prising all calcified lesions in the coronary system. A reassess-
ment of CAC scoring was implemented as quality control when
extreme progression or regression was observed (Lehmann et al.
2018). The total TAC score was calculated, comprising all calci-
fied lesions, including segments of the ascending and descending
portion of the thoracic aorta that were visible in the CT scan
(Kälsch et al. 2013b). Progression (yes/no) of CAC and TAC was
operationalized as CACt1 −CACt0 > 0 and TACt1 − TACt0 > 0,
respectively. Due to its exponential nature, extent of progres-
sion was assessed as the annual growth rate in Agatston
score: ðlog ðCACt1 + 1Þ − log ðCACt0 + 1ÞÞ=years of follow-up
(Lehmann et al. 2018) and ðlog ðTACt1 + 1Þ − log ðTACt0 + 1ÞÞ=
years of follow-up respectively (Kälsch et al. 2017). A beta-
coefficient of 0.01 in the linear regression model can be inter-
preted as an exposure-related 1% increase in annual growth
rate. An early stage (no/minor) vs. a more advanced stage of
atherosclerotic burden at baseline was defined by dichotomizing
at cut point 10 (no/minor calcification 0–9 Agatston score units
vs. more extensive calcification ≥10 Agatston score units).

Definition of Covariates
Long-term road traffic noise was modeled for the year 2006
according to the European Union Directive 2002/49/EC (EU
2008) and the validated national calculation method VBUS/RLS-
90 (28) for the year 2006 (supplied from the city administrations),
considering small-scale topography of the area, dimensions of
buildings, noise barriers, first order reflections, street axis, meas-
ured or estimated vehicle-type specific traffic density for all
roads, speed limit, and type of street surface. Average traffic
noise values [A-weighted dB(A)] day–evening–night (24 h) noise
(Lden) at the participant’s residence was estimated at a height of
4± 0:2 m selecting the highest estimated noise level within a
buffer of 10 m from the residence.

Individual socioeconomic status (SES) was defined as years of
education in four categories (≤10, 11–13, 14–17, ≥18 y) accord-
ing to the International Standard Classification of Education
(UNESCO 1997). Neighborhood SES (nSES) was assessed by
unemployment rate (%) for each administrative neighborhood (me-
dian size: 11,263 inhabitants) obtained from local census author-
ities for t0 (2000–2003) (Dragano et al. 2009). Smoking status was
defined as current, ex- (>1 y since quitting), and never-smoker.
Lifetime cumulative smoking was assessed in pack-years at base-
line. Exposure to environmental tobacco smoke (ETS) referred to
ETS at home, at work, or in other places. Physical activity (yes/no)
was assessed as regular sporting activities at least once a week for a
minimum of 30 min. Alcohol consumption was operationalized as
drinks per week. Anthropometric measurements (height, weight)
were conducted according to standardized protocols to calculate
the body mass index [BMI (kg=m2)]. Diabetes mellitus (DM) was
defined as prior physician diagnosis of diabetes or taking an anti-
diabetic drug or having a blood glucose ≥200 mg=dL or having a
fasting blood glucose ≥126 mg=dL. High-density lipoprotein
(HDL), low-density lipoprotein (LDL) cholesterol, and high sensi-
tivity C-reactive protein (hs-CRP) (all mg/dL) were measured with
standard methods at the central laboratory of the University
Hospital of Essen. In the analysis, we used quotient of LDL-C and
HDL-C (LDL-C/HDL-C). Confirmed medication taken in the pre-
vious 7 d was assigned using the WHO Anatomical Therapeutic
Chemical classification system (ATC) (WHO 2013). Blood pres-
sure was calculated as the mean of the second and third of three
measurements, using an oscillometric method according to a stand-
ard protocol. Hypertension was defined as systolic or diastolic

blood pressure of 140mmHg or greater or 90mmHg or greater,
respectively, or use of antihypertensive medication. Incident coro-
nary heart disease (CHD)was based on self-reported incident coro-
nary events that met predefined study criteria (Schmermund et al.
2002) and which were adjudicated with medical records by a study
end point committee (Erbel et al. 2010). Updated information on
all baseline characteristics were obtained at the first follow-up ex-
amination, with the exception of neighborhood unemployment
rate, education, and cumulative smoking exposure, which were
only obtained at baseline. Traffic was assessed as distance (in
meters) to high-traffic roads [i.e., roads with a traffic count of
>26,000 vehicles/day (upper quintile of traffic density)], using offi-
cial digitized maps with a precision of at least 0:5 m and the me-
dian strip between the oncoming traffic lanes as reference.

Analytic Strategies
The statistical analysis was conducted in the study sample with
participants of the baseline and first follow-up examination, free
of CHD at baseline (n=3,907), available exposure data for the
complete follow-up (n=3,753), nonmissing data on progression
of atherosclerosis for at least one marker (n=3,625) and non-
missing covariate data (n=3,480) (Figure S1). Due to different
sample sizes for atherosclerosis markers, the main analysis was
conducted in marker-specific subsamples. For the analysis of
cIMT, 2,116 participants had nonmissing information on left
cIMT, 2,197 had nonmissing data on right cIMT, 3,220 had non-
missing data on CAC, and 3,126 had nonmissing data on TAC.

We a) used logistic regression models to estimate odds ratios
[OR; and 95% confidence intervals (CI)] for progression (yes/no)
per interquartile range (IQR) increase in air pollutant concentration;
and b) estimated the effect of an IQR increase in concentrations of
air pollution on annual change of atherosclerosis (wall thickening
and growth rate of calcification), using linear regressionmodels. All
models were estimated for each marker separately in the total study
population and in subgroups of participants with no/minor vs.
advanced atherosclerotic burden at baseline. Subgroup effects were
estimated by adding the subgroup indicator and an interaction term
between the continuous exposure and the subgroup indicator. c) We
estimated the 5-y risk of incident calcification in the coronaries and
the thoracic aortawith logistic regression.

Confounder adjustment was based on a hypothesized directed
acyclic graph (DAG; Figure S2), a qualitative method empha-
sized by Greenland et al. (1999), complemented with a quantita-
tive evaluation of suggested minimal sufficient adjustment sets
and covariate extensions (Figures S3 and S4). Our main model
included age, sex, BMI, smoking status and quantity, environ-
mental tobacco smoke (ETS), LDL-C/HDL-C, physical activity,
education, traffic noise, and for dichotomous outcomes addition-
ally years of follow-up. Moreover, we investigated extended
models including nSES and city.

In a separate step, we added potentially mediating covariates
along the hypothesized pathway linking air pollution to athero-
sclerosis as covariates to the analysis. These covariates included
baseline atherosclerosis, incident intake of statins during follow-
up, hs-CRP, blood pressure, prevalent and incident hypertension,
and prevalent and incident DM.

We also investigated effect modification by categorized perso-
nal risk factors, including sex (male vs. female), age (≤65 y old
vs. >65 y old), BMI (≤30 vs. >30), DM (yes vs. no), incident
statin intake (yes vs. no), low education (≤10 y vs. >10 y),
smoking (current vs. ex- and never-smoker), and high cardiovas-
cular risk defined using Framingham risk score. Effect modifica-
tion was investigated using interaction terms between categorical
characteristics as described above and the respective continuous
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exposure in the main model. Effect estimates were evaluated vis-
ually based on 95% CIs.

Sensitivity analyses included a more conservative cut point to
identify progression (yes/no) in subclinical markers, namely 10%
and 20% instead of 0. We conducted Poisson regression as an al-
ternative approach to logistic regression to prevent overestima-
tion of the relative risk (RR) in the highly frequent outcome.
Moreover, we investigated an alternative metric of CAC progres-
sion, namely faster progression compared with internal expected
reference values, defined by the percentile of CAC at baseline
[CACexpected t1–CACobserved t1 < 0 (Lehmann et al. 2018)], which
was based on the hypothesis that the individual’s CAC progresses
exponentially with time, similar to CAC percentiles with age. We
also investigated mean cIMT progression considering the mean
of both (left and/or right) side.

In addition, we investigated whether a different time window
of exposure (namely, baseline exposure (2001–2003), as well as
mean exposure between 2006 and 2008, estimated by the
EURAD-CTM), affected our main results. We also estimated ex-
posure effect estimates for subgroups less likely affected by expo-
sure misclassification due to mobility using employment status
(nonemployees or part-time employees working ≤15 h=wk vs.
full-time employees), and due to change of residence prior to
baseline (nonmovers vs. movers).

Results
Out of 3,480 participants free of CAD at baseline with two valid
measurements (one at baseline and one at follow-up examination)
for at least one marker of subclinical atherosclerosis, complete
exposure information and nonmissing covariate data, marker-
specific subsamples were quite homogeneous with regard to per-
sonal characteristics (BMI, smoking status, education, or physical
inactivity) (Table 1), including roughly 53% women and a mean
age ∼ 59:0 [standard deviation (SD) 7.6] years of age at baseline.

Air pollutant concentrations at baseline were below current
European air quality limit values, but clearly higher than World
Health Organization recommendations (Table 2). Correlations
between air pollutants were mostly moderate to high (Table 2).
LUR modeling estimated higher long-term particle concentra-
tions, but lower NO2 concentrations than CTM (Figure S5).
Mean air pollutant concentrations estimated by CTM decreased
for all pollutants (Figure S6) during the follow-up period with
overall high correlations between examination periods (>0:87)
(Table S1).

Mean baseline cIMT (left) was 710.9 ð172:1Þ lm with a cal-
culated annual change of 21.1 ð31:9Þlm, resulting in 78% partic-
ipants with positive progression after 5 y (Table 1, Figure S7).
Mean baseline cIMT (right) was 693.3 ð168:9Þlm with a calcu-
lated annual change of 21.5 ð29:8Þ lm, resulting in 81% partici-
pants with progression after 5 y. Median baseline CAC was 7.2
(IQR 0.0–88.2) Agatston Score units with an observed annual
growth rate of 0.106 (SD 0.225) and 60% progression after
5 years of follow-up. Incident CAC was observed in 25.7% par-
ticipants with no CAC add baseline (n=1,154). Median baseline
TAC was 16.0 (IQR 0.0–108.3) Agatston Score units with an
observed annual growth rate of 0.091 (SD 0.470) and 53% pro-
gression after 5 years of follow-up. Incident TAC was observed
in 42.2% participants with no TAC add baseline (n=1,161). In
all four markers, overall progression was more pronounced in
participants with no or minor atherosclerotic burden (Figure S8).

Air Pollution and Progression of Atherosclerosis
In the full sample analysis, we observed no clear pattern of an
association between any of the air pollutants and progression or

degree of progression of atherosclerosis. Although most effect
estimates for the crude and main (noise-adjusted) were positive,
CI were wide and included the null effect (Figure 1, with comple-
menting numbers in Table S2). Additional covariate adjustment
(residence and nSES) as covariates did not substantially change
effect estimates (Figures S3 and S4), nor did including potential
mediating factors (Figures S9 and S10).

Baseline level of subclinical atherosclerosis had an impact on
the association of air pollutants with progression of atherosclero-
sis (Figure 1 with complementing numbers in Tables S3). Most
consistently, PM10, PM2:5, PNacc, and NO2 modeled by CTM
were related to progression of left cIMT, CAC, and TAC in par-
ticipants with no or minor burden of atherosclerosis at baseline
(e.g., an estimated OR of 1.12 [0.96, 1.31] for progression of
CAC per 3:8 lg=m3 increase in PM10). PM10 and PM2:5 modeled
by LUR were associated with left cIMT and CAC [e.g., a
1:5 lg=m3 higher exposure to PM2:5 (LUR) yielded an estimated
OR of 1.19 (95% CI: 1.03, 1.39) for progression of CAC and an
increased annual growth rate of 2% (95% CI: 1%, 4%)]. On the
other hand, effect estimates for participants with more advanced
atherosclerotic burden yielded inverse or null findings, most nota-
bly for TAC. For right cIMT, we observed no consistent associa-
tions across pollutants and outcome definition with regard to
atherosclerotic burden at baseline. Supporting findings in partici-
pants with no or minor atherosclerotic burden, long-term air pol-
lution exposure was consistently related to incident CAC,
whereas CI for incident TAC were elevated but most often
included the null (Table 3).

We did not observe clear and consistent effect modification
by personal characteristics (Figure S11). In general, we found a
pattern of stronger associations in participants who had diabetes,
participants who were obese, and less-educated participants,
whereas the analysis of cIMT suggests possible inverse associa-
tions in participants with a high baseline Framingham Risk Score
and participants with incident statin intake during the follow-up
period.

Sensitivity Analyses
Results of evaluating progression with a more conservative cut
point of 10% change (and 20%) did not differ notably from the
main results (Table S4). The alternative approach of applying a
Poisson regression to estimate RR instead of OR, as expected,
yielded smaller point estimates yet did not change our main con-
clusions (Table S4). Investigating progression of mean of left
and/or right cIMT as expected yielded less consistent findings,
and evaluating whether CAC progressed faster than following the
expected percentile did not change the observed main findings
(Table S5).

Inspecting different time windows of air pollutant exposures
separately did not differ from the main approach of combining
exposure time windows to one long-term exposure measure
(Table S6). Exploring exposure misclassification based on varia-
bles of personal mobility and relocation prior to baseline showed
that estimated effects were quite stable in the group of nonem-
ployees and nonmovers (Figure S13).

Discussion
In this study of middle-aged adults in Germany, our analysis
shows no consistent associations of long-term exposure to ambi-
ent particulate and gaseous air pollutants with the development
and progression of atherosclerosis in different vessels beds in the
full sample over a follow-up time of roughly 5 y. However, in
those participants with no or only minor atherosclerotic burden at
baseline, we observed associations of long-term exposure to
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particulate air pollution with progression of atherosclerosis,
whereas estimated effects in the group with more advanced athe-
rosclerotic burden at baseline were null or inverse.

Long-term air pollution has been shown to be associated with
cerebrovascular and cardiovascular events in multiple studies
(U.S. EPA 2019; WHO 2013), including prior analyses of the
HNR Study (Hoffmann et al. 2015). Therefore, our findings are
important regarding the underlying hypothesis that ambient air
pollution may lead to atherosclerosis on the pathway to CVD,
possibly explaining the higher incidence and prevalence of cardi-
ovascular and cerebrovascular disease observed in people with

higher air pollution exposure. Our findings of associations limited
to earlier stages of atherosclerosis point to a higher susceptibility
to air pollution in the development of atherosclerosis, which has
also been observed in our prior analysis of environmental tobacco
smoke and CAC (Peinemann et al. 2011). In contrast, our find-
ings did not support a susceptibility to air pollution exposure in
people with a higher cardiac risk profile based on personal char-
acteristics or with an advanced burden of atherosclerosis. These
findings are in line with investigations based on the Framingham
Heart Study, which also found null or inverse estimates in analy-
ses of participants with apparent calcifications at baseline

Table 1. Summary statistics for outcome-specific subpopulations within the Heinz-Nixdorf Recall Study sample at baseline unless otherwise indicated.
Continuous variables with a symmetric distribution are displayed using mean± standard deviation ðSDÞ, continuous variables with a skewed distribution are
displayed using median (Q1, Q3), and categorical variables are displayed by absolute and relative frequencies [n (%)].

Variable Value cIMT (left) n=2,116 cIMT (right) n=2,197 CAC n=3,220 TAC n=3,126

cIMT, t0 (lm) — 710:9± 172:1 693:3± 168:9 — —
cIMT, t1 (lm) — 817:2± 185:4 801:9± 161:1 — —
Change in cIMT (lm) — 21:1± 31:9 21:5± 29:8 — —
cIMT progression No 465 (22.0%) 426 (19.4%) — —

Yes 1,651 (78.0%) 1,771 (80.6%) — —
Calcification, t0 (Agatston score) — — — 7.2 (0.0, 88.2) 16.0 (0.0, 108.3)
Calcification, t1 (Agatston score) — — — 26.8 (0.0, 193.9) 29.5 (0.0, 307.1)
Change in calcification (growth rate) — — — 0:106± 0:225 0:091± 0:470
Calcification progression No — — 1,291 (40.1%) 1,466 (46.9%)

Yes — — 1,929 (59.9%) 1,660 (53.1%)
Incident calcificationa No — — 857 (26.6%) 671 (21.5%)

Yes — — 297 ( 9.2%) 490 (15.7%)
Age (y) — 58:9± 7:5 58:9± 7:6 59:0± 7:6 59:1± 7:6
Sex Female 1,109 (52.4%) 1,156 (52.6%) 1,726 (53.6%) 1,663 (53.2%)

Male 1,007 (47.6%) 1,041 (47.4%) 1,494 (46.4%) 1,463 (46.8%)
Education ≤10 y 204 (9.6%) 208 (9.5%) 318 (9.9%) 310 (9.9%)

≥18 y 256 (12.1%) 266 (12.1%) 363 (11.3%) 349 (11.2%)
11–13 y 1,169 (55.2%) 1,215 (55.3%) 1,821 (56.6%) 1,767 (56.5%)
14–17 y 487 (23.0%) 508 (23.1%) 718 (22.3%) 700 (22.4%)

Unemployed rate (2001) (%) — 12:5± 3:4 12:4± 3:4 12:4± 3:4 12:4± 3:4
Smoking status Current smoker 481 (22.7%) 500 (22.8%) 729 (22.6%) 698 (22.3%)

Ex-smoker 688 (32.5%) 717 (32.6%) 1,036 (32.2%) 1,026 (32.8%)
Never smoker 947 (44.8%) 980 (44.6%) 1,455 (45.2%) 1,402 (44.8%)

Cumulative smoking (pack-years) — 2.4 (0.0, 21.0) 2.7 (0.0, 21.8) 2.2 (0.0, 22.0) 2.4 (0.0, 22.0)
ETS (any exposure) No 1,389 (65.6%) 1,437 (65.4%) 2,084 (64.7%) 2,039 (65.2%)

Yes 727 (34.4%) 760 (34.6%) 1,136 (35.3%) 1,087 (34.8%)
Physical inactivity No 1,196 (56.5%) 1,241 (56.5%) 1,809 (56.2%) 1,756 (56.2%)

Yes 920 (43.5%) 956 (43.5%) 1,411 (43.8%) 1,370 (43.8%)
BMI (kg=m2) — 27:4± 4:4 27:4± 4:4 27:4± 4:4 27:6± 4:3
LDL-C (mg/dL) — 146:5± 36:5 146:7± 35:8 146:2± 35:6 146:4± 35:7
HDL-C (mg/dL) — 59:7± 17:4 59:5± 17:4 59:3± 17:1 59:3± 17:3
Statin medicationa No 1,902 (89.9%) 1,983 (90.3%) 2,805 (87.1%) 2,719 (87.0%)

Yes 160 (7.6%) 152 (6.9%) 216 (6.7%) 215 (6.9%)
Incident statin usea No 1,846 (87.2%) 1,896 (86.3%) 2,723 (84.6%) 2,603 (83.3%)

Yes 216 (10.2%) 239 (10.9%) 298 (9.3%) 331 (10.6%)
Hs-CRP (mg/dL)a — 0.1 (0.1, 0.3) 0.1 (0.1, 0.3) 0.1 (0.1, 0.3) 0.1 (0.1, 0.3)
Framingham Riska High 237 (11.2%) 244 (11.1%) 399 (12.4%) 398 (12.7%)

Low 1,197 (56.6%) 1,229 (55.9%) 1,802 (56.0%) 1,715 (54.9%)
Mediate 680 (32.1%) 723 (32.9%) 1,019 (31.6%) 1,012 (32.4%)

Hypertensiona No 1,034 (48.9%) 1,079 (49.1%) 1,515 (47.0%) 1,464 (46.8%)
Yes 1,080 (51.0%) 1,117 (50.8%) 1,705 (53.0%) 1,661 (53.1%)

Incident hypertensiona No 688 (32.5%) 699 (31.8%) 988 (30.7%) 951 (30.4%)
Yes 345 (16.3%) 380 (17.3%) 526 (16.3%) 512 (16.4%)

Diabetes No 1,895 (89.6%) 1,954 (88.9%) 2,853 (88.6%) 2,764 (88.4%)
Yes 221 (10.4%) 243 (11.1%) 367 (11.4%) 362 (11.6%)

Incident type 2 diabetesa No 1,740 (82.2%) 1,798 (81.8%) 2,617 (81.3%) 2,529 (80.9%)
Yes 155 (7.3%) 156 (7.1%) 236 (7.3%) 235 (7.5%)

Developed coronary heart disease No 2,056 (97.2%) 2,126 (96.8%) 3,205 (99.5%) 3,051 (97.6%)
Yes 60 (2.8%) 71 (3.2%) 15 (0.5%) 75 (2.4%)

Lden [dB(A)] — 53:9± 9:4 53:8± 9:4 53:9± 9:3 53:9± 9:3
Distance to highly trafficked road (m) — 1,018:0± 808:7 1,033:2± 817:2 1,023:7± 811:3 1,025:5± 818:4
aIncluding additional missing values. For subpopulation of cIMT (left): Statin medication (n=54), Incident statin use (n=54), Hs-CRP [mg/dl] (n=5), Framingham Risk (n=2),
Hypertension (n=2), Incident hypertension (n=1,083), Incident type 2 diabetes (n=221). For subpopulation of cIMT (right): Statin medication (n=62), Incident statin use (n=62),
Hs-CRP (mg/dl) (n=6), Framingham Risk (n=1), Hypertension (n=1), Incident hypertension (n=1,118), Incident type 2 diabetes (n=243). For subpopulation of CAC: Statin medi-
cation (n=199), Incident statin use (n=199), Hs-CRP (mg/dL) (n=8), Incident hypertension (n=1,706), Incident type 2 diabetes (n=367), Incident calcification (n=2,066). For
subpopulation of TAC: Statin medication (n=192), Incident statin use (n=192), Hs-CRP (mg/dL) (n=8), Framingham Risk (n=1), Hypertension (n=1), Incident hypertension
(n=1,663), Incident type 2 diabetes (n=362), Incident calcification (n=1,965). —, no data.
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(Dorans et. al 2016, 2017). One explanation for inverse associa-
tions in participants with advanced atherosclerosis at baseline
could be the dominating effect of cardioprotective therapy, which
is more common in participants with advanced atherosclerosis.

However, not all vessel beds and their markers of subclinical
atherosclerosis were equally susceptible to the effects of long-
term exposure to air pollution. We observed the most consistent
associations for progression of CAC (dichotomous progression,
annual growth rate, and incidence) and for the left cIMT.
Although side-specific differences in cIMT have been mentioned
in literature before (Foerch et al. 2003; Luo et al. 2011), we

cannot explain the observed differences between left and right
cIMT with regard to air pollution exposure, but we speculate that
there could be different turbulence patterns leading to a higher
susceptibility of the left common carotid vessel wall. Overall,
results for cIMT vary greatly across studies (Perez et al. 2015).
Only a few studies have investigated the association of air expo-
sure with progression of cIMT, and these studies find striking dif-
ferences in annual progression—from a mean of 1–5 lm=y in a
selected group of participants in atherosclerosis prevention trials
(Künzli et al. 2010), 10–13 lm=y in the MESA cohort (Wang
et al. 2019), and 22 lm=y in general population of the HNR
Study reported here. In addition to biological characteristics and
medical interventions, assessment methods regarding location,
technique, and inclusion of plaque, as well as different considera-
tion of body side (using mean of left and right cIMT or only right
cIMT), contribute to these differences and possibly mask associa-
tions with air pollution.

Fewer but also inconsistent results can be found for investiga-
tions of long-term air pollution exposure and development and
progression of CAC or aortic calcification. Kaufman et al. (2016)
and Wang et al. (2019) both observed associations of PM2:5 and
NO2 with CAC progression. Wang et al. (2019) found similar
results for long-term exposure to high levels of ozone. Two anal-
yses of the Framingham Heart Study investigating progression of
coronary and aortic calcification do not find any association with
roadway proximity or PM2:5 (Dorans et al. 2016, 2017), whereas
we had already observed associations restricted to participants
with no or only minor manifestation of TAC at baseline in our
prior study (Hennig et al. 2019).

Despite the fundamental differences in the applied exposure
models, we observed generally similar patterns of associations
with subclinical atherosclerosis for both models, strengthening
the fact that our findings are not dependent on a specific air

Table 2. Summary statistics [mean± standard deviation ðSDÞ] of air pollutant concentrations (CTM during enrollment periods 2001–2003 and 2006–2008 and
LUR) and pairwise Spearman correlation coefficients, estimated in 3,480 participants of the Heinz Nixdorf Recall Study population.

Exposure Mean± SD IQR PM10 (LUR) PM2:5 (CTM) PM2:5 (LUR) PNacc (CTM) PM2:5abs (LUR) NO2 (CTM) NO2 (LUR)

PM10 (CTM) (lg=m3) 20:3± 2:6 3.8 0.33 0.86 0.56 0.79 0.35 0.62 0.5
PM10 (LUR) (lg=m3) 27:8± 1:9 2.1 0.18 0.89 0.46 0.9 0.34 0.55
PM2:5 (CTM) (lg=m3) 16:7± 1:3 2.0 0.38 0.72 0.14 0.69 0.4
PM2:5 (LUR) (lg=m3) 18:4± 1:1 1.5 0.73 0.89 0.46 0.66
PNacc (CTM) (#/mL) 3,408:4± 387:6 527.5 0.55 0.74 0.56
PM2:5abs (LUR) (0.0001/m) 1:6± 0:4 0.4 0.34 0.63
NO2 (CTM) (lg=m3) 39:5± 4:0 5.4 0.41
NO2 (LUR) (lg=m3) 30:2± 4:9 6.2

Note: CTM, chemistry transport modeling; IQR, interquartile range; LUR, land use regression.

Figure 1.Main effect estimates for the associations between different air
pollutants and progression of atherosclerosis in subpopulations of the Heinz
Nixdorf Recall Study based on the marker of atherosclerosis, investing
all participants (cIMT ðleftÞ=2,116, cIMTðrightÞ=2,197, CAC=3,220,
TAC=3,126), participants with no/minor atherosclerotic burden at baseline
(t0) (cIMTðleftÞ=1,054, cIMTðrightÞ=1,017, CAC=1,527, TAC=1,761),
and participants with advanced atherosclerotic burden at t0 (cIMTðleftÞ=1,203,
cIMTðrightÞ=1,317, CAC=1,693, TAC=1,469). Main model is adjusted for
age, sex, BMI, smoking status and quantity, ETS, LDL-C/HDL-C, physical ac-
tivity, education, traffic noise and for dichotomous outcomes additionally years
of follow-up. (A) This panel displays OR (95% CI) for any progression in ather-
osclerosis based on an IQR in exposure. (B) This panel displays change in
thickness (lm) for cIMT and change in growth rate for CAC and TAC (com-
plementing numbers are in Tables S2 and S3). Note: BMI, body mass index;
CAC, coronary artery calcification; CI, confidence interval; cIMT, carotid
intima media thickness; ETS, environmental tobacco smoke; HDL-C, high-den-
sity lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipo-
protein cholesterol; OR, odds ratio; TAC, thoracic aortic calcification.

Table 3. Estimated odds ratio (95% CI) for incident CAC and TAC dis-
played per interquartile ranges of exposure based on participants of the
Heinz-Nixdorf Recall Study sample (n=1,154 for CAC, n=1,161 for
TAC).

Exposure Incident CAC Incident TAC

PM10 (CTM) 1.23 (1.00, 1.52) 1.09 (0.90, 1.33)
PM10 (LUR) 1.20 (1.02, 1.42) 0.98 (0.84, 1.13)
PM2:5 (CTM) 1.06 (0.85, 1.33) 1.15 (0.94, 1.40)
PM2:5 (LUR) 1.31 (1.06, 1.61) 1.06 (0.88, 1.28)
PNacc (CTM) 1.15 (0.95, 1.41) 1.15 (0.96, 1.37)
PM2:5abs (LUR) 1.11 (0.96, 1.29) 1.03 (0.91, 1.18)
NO2 (CTM) 1.10 (0.91, 1.33) 1.08 (0.91, 1.28)
NO2 (LUR) 1.21 (1.00, 1.47) 1.01 (0.84, 1.21)

Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, ETS,
LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous out-
comes additionally years of follow-up; BMI, body mass index; CAC, coronary artery
calcification; CI, confidence interval; CTM, chemistry transport modeling; ETS, envi-
ronmental tobacco smoke; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; LUR, land use regression; TAC, thoracic aortic
calcification.
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quality model. The CTM models average daily concentration of
air pollutants in a 1 km2 grid cell, based on emission factors, daily
meteorology, and the distribution and chemical transformation of
emissions (Hennig et al. 2016), reflecting long-term urban back-
ground concentrations taking changes in emission into account.
In contrast, the LUR model estimates time-stable long-term air
pollution concentrations, using a linear regression model. Urban
background air pollution in a highly industrialized area close to
coal-burning power plants and neighboring areas characterized
by intensive livestock farming is expected to differ from air pol-
lution at hot spots close to heavily trafficked roads, possibly con-
tributing to differences in health effect estimates. Moreover,
depending on the individual mobility of the participants, models
reflecting urban background concentrations might lead to less ex-
posure misclassification than point-specific models, specifically if
emission patterns change during a long observation period.
However, similar patterns of associations with subclinical athero-
sclerosis for both models remained, even when investigating par-
ticipants less vs. more likely to exposure misclassification.

The estimated air pollution concentrations in this study were
well below current European regulatory limits (EU 2008), sug-
gesting that, even at current air pollution levels, adverse effects
on the underlying pathology of CVD cannot be ruled out. In addi-
tion, observed results were robust with regard to adjustment for
road traffic noise, a coexposure that has been shown to affect
blood pressure (Kempen et al. 2018; Münzel et al. 2018), a major
risk factor for the development of atherosclerosis. This finding
was observed for all markers and in line with earlier studies that
investigated thoracic calcification only (Hennig et al. 2019;
Kälsch et al. 2013a). However, residual confounding of air pollu-
tion and noise cannot be ruled out due to possible noise exposure
misclassification when using façade values and lack of personal
exposure measures. Moreover, noise annoyance, which might
play an additional role with regard to CVD, was not taken into
account.

Our study has several limitations. For the measurement of
TAC, no remeasurements for assessment of reliability were con-
ducted, and the size of the measured area varied according to ana-
tomical conditions, resulting in potentially large measurement
error and imprecision of health effect estimation. cIMT ultra-
sound measurements were conducted by different examiners and
followed two slightly different measurement protocols at t0 and
t1, preventing the reader to identify the same location for cIMT
reading at both time points. These differences increased random
outcome measurement error and thereby contributed to imprecise
health effect estimation. In addition, the relatively short time pe-
riod between baseline and follow-up measurements (roughly 5 y)
may have limited power to detect associations between air pollu-
tion exposure and progression of atherosclerosis. Exposure mea-
surement error may have biased our estimates. First, long-term
prebaseline exposure, which probably contributes most to the de-
velopment of atherosclerosis during the follow-up period, was
not available, and we used exposure during the examination peri-
ods (CTM) and time-stable estimates (LUR) as a surrogate for
long-term air pollution exposure. Second, for assessing personal
mobility, we had information only on employment status and on
relocations within 5 y prior to baseline.

An important strength of our study is the relatively large
study population with a comprehensive assessment of markers of
subclinical atherosclerosis, in-depth covariate data. In addition,
we applied two different commonly used air pollution models for
estimating long-term air pollution exposure, reflecting urban
background and point-specific exposure. Moreover, we consid-
ered traffic and noise, and we conducted comprehensive sensitiv-
ity analysis.

Conclusions
Our study suggests that development and progression of subclini-
cal atherosclerosis are associated with long-term air pollution in
middle-aged participants with no or minor atherosclerotic burden
at baseline, whereas overall no consistent associations are
observed.
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